The gammaherpesviruses establish lifelong infections in their hosts and are associated with the development of numerous types of malignancies. For example, the human gammaherpesvirus Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV) establish asymptomatic chronic infections in most hosts, but they also are associated with the development of Burkitt's lymphoma, nasopharyngeal carcinoma, Kaposi's sarcoma, and primary effusion lymphoma. Thus, it is important to understand the critical viral and host determinants that regulate chronic gammaherpesvirus infections.
Sustainable lifelong gammaherpesvirus infection is a function of the delicate counterpoise between (i) the pathogenic and immune evasive strategies of the virus and (ii) the myriad of antiviral tactics employed by the host immune response. Among the multiple pathogenic strategies employed by gammaherpesviruses, the establishment of latency is perhaps the most critical. However, the mechanisms underlying the establishment and subsequent maintenance of latency are not well understood. Several studies have demonstrated roles for specific viral gene products in the regulation of latent infection, but the dynamic interrelatedness of the viral processes of acute lytic replication, latency, reactivation from latency, and persistent replication (7, 12, 31, 32) confound the interpretation of data from such experiments. A potentially more definitive approach is the generation of recombinant viruses that are blocked in their ability to undergo complete lytic replication and reactivation. Such attenuated viruses represent powerful tools to dissect the contribution of individual viral processes and viral factors to latent infection. For example, we and others have demonstrated that, contrary to the most widely held paradigm, lytic replication is not required for the establishment of a chronic infection in vivo. We have previously generated and characterized a mutant ␥HV68 (␥HV68.⌬ssDNABP) that is unable to undergo the processes of lytic replication and reactivation due to a mutation in the single-stranded DNA binding protein (ssDNABP) encoded by orf6 (31) . Despite this restriction, the virus establishes long-term infection even in fully immunocompetent animals, as defined by the stable carriage of the viral genome at 42 days postinoculation (31) . Similarly, other groups demonstrated that ␥HV68 mutated in a protein of unknown function (encoded by orf31) establishes infection in splenocytes following high-dose intraperitoneal inoculation (4) and that ␥HV68 mutated in a key transactivator of lytic replication (encoded by orf50) establishes infection at a low level in lung B cells following low-dose intranasal administration (18) . These studies have used replication-defective viruses to demonstrate that gammaherpesviruses can establish long-term infection in vivo in the absence of lytic replication.
Although the stable carriage of viral genome in host cells is consistent with the conclusion that a replication-defective virus can establish latency in vivo, a careful examination of the molecular state of the viral genome during infection is required for definitive proof, as wild-type gammaherpesviruses are maintained as an episome and express a restricted subset of genes during latency (reviewed in reference 12). Also in question is whether the attenuation of the gene expression pro-grams required for lytic replication and reactivation alters the establishment of latency in specific cellular compartments that are associated with wild-type virus infection. Similarly to the case for EBV, it is believed that B cells are the primary reservoir for life-long latent ␥HV68 infection (6, 27, 35) . In the early phases of infection (16 days postinfection), naïve, germinalcenter, and memory B cells all harbor latent virus (6, 35) , although at later stages (3 to 6 months postinfection) latent virus is restricted primarily to isotype-switched memory B cells (5, 35) . Like EBV (16, 21, 24) and KSHV (17, 20) , ␥HV68 also latently infects other leukocytes, including macrophages (34) and dendritic cells (3) , but the role that the macrophage and dendritic cell latency reservoirs play in the maintenance of chronic infection and viral pathogenesis is not yet understood. The use of replication-defective viruses offers the potential to dissect the role of these individual latency reservoirs in the maintenance of long-term infection.
In the work described here, we sought to determine whether the stable association of the ␥HV68.⌬ssDNABP genome with host cells represented a state of infection that was molecularly similar to latency. Hallmarks of gammaherpesvirus latency include the absence of the production of infectious virus, the maintenance of episomal viral genome in infected cells, and the expression of a restricted subset of viral genes. We demonstrate that the ␥HV68.⌬ssDNABP genome was maintained as an episomal state in infected cells, and that the viral genome was transcriptionally active within regions known to be operational during latent, but not lytic, infection. We further demonstrate that long-term ␥HV68.⌬ssDNABP infection was efficiently established in macrophages but not B cells, pointing to a critical role for lytic replication or reactivation in the maintenance of latent infection in B cells.
MATERIALS AND METHODS
Mice, virus, and cells. C57BL/6J (B6) mice were obtained from Jackson Laboratory (Bar Harbor, ME). The mice were housed and bred in a pathogenfree facility at the Louisiana State University Health Sciences Center in Shreveport in accordance with all federal and university guidelines. Wild-type ␥HV68 strain WUMS originally was obtained from the American Type Culture Collection (ATCC VR1465). The working ␥HV68 virus stock was generated on NIH 3T12 cells. ␥HV68.⌬ssDNABP was generated by using bacterial artificial chromosome (BAC) technology and allelic exchange to create a specific mutation in the ssDNABP (encoded by orf6) within the ␥HV68 BAC, as previously described (31) . Mice were infected intraperitoneally (i.p.) with 10 6 PFU wild-type ␥HV68, 1,000 50% tissue culture infectious doses of BAC-derived ␥HV68, or 1,000 50% tissue culture infectious doses of ␥HV68.⌬ssDNABP, each in 500 l serum-free Dulbecco's modified Eagle's medium (DMEM). We have previously demonstrated that the establishment of latent ␥HV68 infection is independent of the infectious dose (29) ; thus, the frequency of peritoneal cells and splenocytes carrying the wild-type ␥HV68 genome is nearly identical for mice infected with a range of doses from 0.1 to 10 6 PFU. At 16 or 42 to 45 days postinfection, peritoneal cells were harvested by peritoneal lavage with 10 ml of DMEM supplemented with 10% fetal calf serum (FCS).
Quantitative real-time RT-PCR analysis. To determine the relative level of viral gene transcription, total RNA was extracted from peritoneal cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. To remove contaminating DNA in the preparation, DNase I (DNAfree; Applied Biosystems, Foster City, CA) was added to total RNA for 30 min and then inactivated, all according to the manufacturer's instructions. To prepare cDNA, 1 g of DNase-treated total RNA was incubated with 500 ng random hexamer at 70°for 5 min, reverse transcriptase (RT) and buffer (a 20-l reaction mixture containing 1 l Improm-II RT [Promega, Madison, WI], Improm-II buffer, 1.5 mM MgCl 2 , 10 U RNasin [Promega] , and 500 M each deoxynucleoside triphosphate) were added, samples were incubated at 42°for 1 h, 20 l H 2 0 was added, and samples were incubated at 70°for 15 min. Transcripts corresponding to the specific regions of the ␥HV68 genome were amplified using the following specific primer sets: M2 (TTACTCCTCGCCCCACTCCACA and GA ACCAACACCCCATGAACCCTG), M9 (GTCGATTCCCCCCAAGTTCT GGTC and TTGTGCTCCCCTCTGATCCAGG), M11 (TAACATTGACCCA GGAGTTTAG and CGAGGTGAAAAGTTTGGAC), K3 (GTCTACAACAG GATCTGCATTT and AAAACTCTACCGTGACTGTGAA), orf73 (TGGTCT TTTTGGAGCGCGGC and CCTCAGGCAAAACCAGATCAGGG), orf74 (T GGGGTACTGTTTGCACTGGCTC and CCCTTACATGCCGCCCTATAT GC), and orf50 (TCAGCACGCCATCAACATCCC and ACCGTGGGGGGCT CGTTTT). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control for the normalization of threshold cycle values in different samples. The PCR mix consisted of 2.5 mM MgCl 2 ; 200 M each of dATP, dGTP, dCTP, and dUTP; 32 nM of each primer; 0.01 M fluorescein calibration dye (Bio-Rad Laboratories, Hercules CA); 1/3ϫ Sybr green I nucleic acid gel stain (Invitrogen, Carlsbad, CA); 2.5 l cDNA; and 1.1 U of AmpliTaq Gold (Applied Biosciences, Branchburg NJ) in a final reaction volume of 25 l. PCR conditions for all of the gene amplifications were as follows: 50°C for 10 min, 95°C for 5 min, and then 44 cycles of 95°C for 10 s and 60°C for 30 s. Melting curve analysis was performed to verify the specificity of the amplified product. All real-time PCRs were performed on an iCycler iQ real-time PCR detection system (Bio-Rad Laboratories), and each sample was analyzed in triplicate.
Gardella gel analysis. Gardella gels were run as previously described (1, 8) , with modifications. Peritoneal cells (5 ϫ 10 5 or 1 ϫ 10 6 ) were embedded in 1% SeaPlaque agarose (Lonza, Rockland, ME) using a disposable plug mold (BioRad, Hercules, CA). Agarose plugs were placed in 500 l of lysis solution containing 0.44 M EDTA (pH 8.5), 1% Sarkosyl, and 0.5 mg/ml Proteinase K at 50°C overnight. Plugs then were loaded in wells of a horizontal 0.75% SeaPlaque agarose gel and electrophoresed in 0.5ϫ Tris-borate-EDTA buffer at 40 V for 4 h and then at 140 V for an additional 10 h. Each lane of the gel was excised and cut into 12 equal slices. For Gardella PCR Southern blot analysis, gel fragments were melted at 65°C, 2.5 l of each gel slice was transferred to a 25-l PCR, and ␥HV68 DNA was amplified using primers corresponding to orf73. DNA prepared from ␥HV68-infected NIH 3T12 cells was used as a positive control, and DNA from peritoneal cells from mock-infected animals was used as a negative control. PCR products were run on a horizontal 1% agarose gel and Southern blotted onto a nylon membrane using a Turboblotter apparatus (Whatman, Sanford, ME). Specific signals were detected using a 32 P-labeled DNA probe specific to orf73. For Gardella real-time PCR analysis, DNA was prepared from 200 mg of each gel slice using a QIAEX II gel extraction kit (Qiagen, Valencia, CA). Purified DNA was eluted in 50 l H 2 O, and 2.5 l DNA was transferred to a 25-l PCR. DNA was amplified using primers corresponding to orf73 (as described for real-time RT-PCR analysis). A standard curve of 1,000, 100, 10, and 1 copies of plasmids carrying orf73 was used as a positive control. Reaction mixtures containing H 2 O instead of DNA were used as a negative control for each PCR plate. The PCR reagents and conditions were the same as those for the real-time RT-PCR analysis. Each sample was analyzed in triplicate.
Cell isolations. After peritoneal cells were harvested, red blood cells were lysed in red blood cell lysis buffer (144 mM NH 4 Cl and 17 mM Tris, pH 7.2) at 37°C for 7 min. Cells were washed twice with cold complete medium and adjusted to 2 ϫ 10 7 cells/ml in blocking buffer (phosphate-buffered saline, pH 7.2, containing 5% bovine serum albumin, 10% normal rat serum, and 0.1% NaN 3 ). All samples were blocked with purified anti-mouse CD16/CD32 (Fc block; clone 2.4G2; BD Biosciences, San Jose, CA) prior to staining. For three-color staining, cells were stained with rat anti-mouse peridinin chlorophyll protein (PerCP)/ Cy5.5-conjugated CD19 (clone 1D3; BD Biosciences), rat anti-mouse R-phycoerythrin (R-PE)-conjugated CD11b (clone M1/70; BD Biosciences), and hamster anti-mouse CD11c (PE-Cy7-conjugated clone HL3, fluorescein isothiocyanateconjugated clone HL3, or allophycocyanin-conjugated clone N418; BD Biosciences) in blocking buffer. Unstained and isotype-staining controls were used for all experiments. For four-color staining, cells were stained with rat anti-mouse Alexa Fluor 647-conjugated F4/80 (Caltag, Burlingame, CA), rat anti-mouse PerCP/ Cy5.5-conjugated CD19 (clone 1D3; BD Biosciences), rat anti-mouse R-PE-conjugated CD11b (clone M1/70; BD Biosciences), and rat anti-mouse biotin-conjugated Ly-6G/Gr-1 (clone RB6-8C5; eBioscience, San Diego, CA). PE-Texas Red-conjugated streptavidin (BD Biosciences) was used as a secondary reagent for the indirect staining of cells in combination with biotinylated primary antibodies. Cells were sorted on a fluorescent-activated cell sorter Aria flow cytometer (BD Biosciences). Data were analyzed using FACSDiva software (BD Biosciences). The purity of sorted cells exceeded 95%. Sorted populations were verified morphologically by the differential counting of Wright-stained cytospin preparations.
Limiting-dilution nested PCR. The frequency of peritoneal cells harboring wild-type ␥HV68 or ␥HV68.⌬ssDNABP genomes was determined using a singlecopy-sensitive nested PCR analysis of serial dilutions of peritoneal cells, as previously described (30 Cells were plated in 12 replicates for each cell dilution. After being plated, cells were subjected to lysis by proteinase K at 56°C for 8 h. Following enzyme inactivation at 95°C, samples were subjected to nested PCR using primers specific for ␥HV68 orf72 (30) . Positive controls of 10, 1, and 0.1 copies of viral DNA and negative controls of uninfected RAW 264.7 cells alone were included on each plate. Reaction products were separated using 2.5% UltraPure agarose (Invitrogen) gels and visualized by ethidium bromide staining.
Statistical analyses. All data were analyzed using GraphPad Prism software (GraphPad Software, San Diego, CA). The frequencies of genome-positive cells were statistically analyzed using the paired Student's t test. The frequencies of viral genome-positive cells were determined from a nonlinear regression analysis of sigmoidal dose-response best-fit curve data. Based on a Poisson distribution, the frequency at which at least one event is present in a given population occurs at the point at which the regression analysis line intersects 63.2%.
RESULTS
The replication-defective gammaherpesvirus genome is maintained as an episome during long-term in vivo infection. During latent gammaherpesvirus infection, the viral genome circularizes and is maintained as an episome; in contrast, during lytic infection the genome is replicated and packaged in a linear form. Thus, the presence of circular versus linear genomes in cells infected with a herpesvirus correlates with latent or lytic infection, respectively. To determine whether a replication-defective gammaherpesvirus could establish true latent infection in the absence of lytic replication, we directly examined the molecular state of the viral genome during long-term in vivo infection. Gardella gel analysis has been used previously to separate circular and linear herpesvirus genomes from infected cells in vitro (8) . A PCR-and Southern blotting-based modification of this procedure greatly enhanced the sensitivity of Gardella analysis, facilitating the visualization of genomes from in vivo samples (1) . Using this assay, we determined whether the ␥HV68.⌬ssDNABP genome was maintained in cells in an episomal form in vivo during long-term infection, as would be expected during latency. Wild-type B6 mice were infected i.p. with ␥HV68 or ␥HV68.⌬ssDNABP, and 42 to 45 days postinfection peritoneal cells were harvested for analysis. Cells from each sample group were loaded into individual agarose plugs and run on a horizontal agarose gel. Each lane of the gel then was cut into 12 sections, viral DNA was amplified by PCR, and PCR products were subjected to Southern blot analysis to detect viral DNA (Fig. 1A) . In samples from mice infected with wild-type ␥HV68, viral DNA was detected primarily in gel sections 3 and 4, which is consistent with the expected migration of episomal DNA in a Gardella gel. Similarly, in samples from mice infected with ␥HV68.⌬ssDNABP, viral DNA was detected primarily in sections 3 and 4. In samples from both ␥HV68-and ␥HV68.⌬ssDNABP-infected mice, an extremely low quantity of signal was detected in sections that correspond with the expected migration of linear DNA. These signals may be indicative of episome breaks that occurred during sample processing, as we have previously noted in control samples (not shown); alternatively, these signals may represent an extremely low level of linear genome present in some infected cells. No signal was detected in samples from peritoneal cells harvested from mock-infected mice. After the in vitro infection of control NIH 3T12 fibroblasts with wildtype ␥HV68, an infection that results in lytic replication (33), viral DNA was detected in sections 9 and 10, consistent with the expected migration of linear DNA (Fig. 1B) .
To quantify the relative number of viral genomes in each Gardella section, we modified this approach to include the use of quantitative real-time PCR analysis. For these experiments, DNA isolated from Gardella gel fractions was amplified using primers specific for ␥HV68 orf73 (Fig. 1C) . Again, both viral genomes were detected almost completely in a circular form in infected cells. As noted above, the low quantity of linear signal detected in peritoneal cells from both ␥HV68-and ␥HV68. ⌬ssDNABP-infected mice may be indicative of episome breaks that occurred during sample processing. Thus, these data demonstrate that a gammaherpesvirus deficient in replication es- ⌬ssDNABP. Harvested cells were subjected to Gardella gel electrophoresis, individual gel lanes were divided into 12 equal sections, and DNA from each section was transferred to PCR mixes containing primers specific for ␥HV68 orf73. PCR products were visualized by Southern blotting using a probe specific for ␥HV68 orf73. M, marker. Results are representative of three independent experiments. (B) Gardella PCR Southern analysis of lytically infected cells. For a positive control of lytic infection, NIH 3T12 fibroblasts were infected with wild-type ␥HV68 for 18 h and subjected to Gardella PCR Southern blot analysis, as described above. Results are representative of three independent experiments. (C) Gardella real-time PCR analysis of in vivo samples. Peritoneal cells from ␥HV68-or ␥HV68.⌬ssDNABP-infected mice were subjected to Gardella gel electrophoresis, individual gel lanes were divided into 12 equal sections, and DNA from each section was transferred to real-time PCR mixes containing primers specific for ␥HV68 orf73. Data points represent the means from three independent experiments (five pooled mice per sample group per experiment) Ϯ standard errors.
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tablished a long-term infection in peritoneal cells in which the viral genome was maintained as an episome. The replication-defective gammaherpesvirus genome is transcriptionally active during long-term in vivo infection. One hallmark of gammaherpesvirus latency is the expression of a restricted subset of viral genes in infected cells (reviewed in reference 12). Although latency gene programs for ␥HV68
have not yet been fully defined, previous work has demonstrated regions of the ␥HV68 genome that are transcriptionally active during chronic infection (10, 22, 25, 33) , including sequences within M2, M11, orf73, orf74, and K3. To determine whether the episomal configuration of the viral genome conformed with a transcriptional profile of latency, we used quantitative real-time RT-PCR analysis to detect viral transcripts corresponding to various regions of the viral genome (Fig. 2) . In samples from mice infected with wild-type ␥HV68, we detected transcripts corresponding to regions of the genome that are known to be active during latent infection, including transcripts corresponding to M2, M11, and orf73. In contrast, transcripts corresponding to regions of the genome known to be active during lytic replication, including the immediate-early gene orf50 (encoding the latent to lytic transactivator Rta [13, 36] ) and the late gene M9 (one of the most abundantly expressed genes during lytic replication [2, 15, 22, 33] ), were not detected. Similarly, in samples harvested from mice infected with ␥HV68.⌬ssDNABP, amplification products corresponding to M2, M11, and orf73, but not orf50 and M9, were detected at 45 days postinfection. In contrast, in control experiments to detect viral gene expression during productive replication (Fig.  2, inset) , extremely high levels of M9 were detected and moderate levels of several latency-associated genes were detected, as has been previously described (2). Notably, little or no signal was detected in RNA samples that were processed in the absence of RT, demonstrating that the detection of amplimers was not due to DNA contamination. Thus, the ␥HV68. ⌬ssDNABP genome was transcriptionally active during longterm in vivo infection and displayed a pattern of gene expression identical to the pattern observed during wild-type ␥HV68 latency.
The replication-defective gammaherpesvirus establishes long-term infection in macrophages but not B cells. The primary reservoirs of ␥HV68 latency include B cells (27) , macrophages (34) , and dendritic cells (3) . As the peritoneum is a rich source of both B cells and macrophages, we sought to determine whether ␥HV68.⌬ssDNABP efficiently established longterm infection in both of these cellular reservoirs. We first examined whether ␥HV68.⌬ssDNABP infection altered the cellular composition of the peritoneal cavity, as has been reported for wild-type ␥HV68 (34). Forty-five days after ␥HV68. ⌬ssDNABP infection, the number of peritoneal cells (4.62 ϫ 10 6 cells/mouse) was increased 31% (Fig. 3A) compared to that of mock-infected animals (3.52 ϫ 10 6 cells/mouse), slightly less than the 40% increase in cells observed after wild-type ␥HV68 infection (4.94 ϫ 10 6 cells/mouse). A flow-cytometric analysis of these peritoneal cell compositions (Fig. 3B) (34) . In contrast to infection with wild-type virus, infection with ␥HV68.⌬ssDNABP resulted in little change to either cell population (37.2% B cells, 40.7% macrophages).
FIG. 2.
Viral transcripts corresponding to known latency-associated genes were expressed in peritoneal cells from mice infected with replication-defective virus. Total RNA was extracted from peritoneal cells 45 days postinfection (pi) with ␥HV68 or ␥HV68.⌬ssDNABP. Reversetranscribed cDNAs (or cDNA reaction mixtures lacking RT [RTϪ]) were used as the template for real-time PCR analysis using primers specific for the sequences of the viral genomes that encode M2, M11, orf73, orf74, K3, orf50, and M9. For each sample, the relative levels of viral gene transcripts were normalized to the levels of cellular GAPDH transcripts. For each experiment, each reaction was performed in triplicate. Data represent the means from three independent experiments (five pooled mice per sample group per experiment) Ϯ standard errors. (Inset) NIH 3T12 cells were infected with ␥HV68 for 18 h, and the relative levels of viral gene transcripts were quantified as described for peritoneal cells.
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Consistent with these findings, the Wright stain analysis of peritoneal cell cytospins indicated little change in overall macrophage or lymphocyte populations ( Fig. 3C and data not shown). Thus, infection with ␥HV68.⌬ssDNABP does not significantly alter the cellular composition of the peritoneal cavity and, unlike wild-type ␥HV68, does not result in a reduction of B cells at this site. We next sought to determine whether B cells or macrophages harbored viral genome after long-term infection. Fortyfive days after infection with wild-type ␥HV68 or ␥HV68. ⌬ssDNABP, peritoneal cells were harvested and subjected to three-color flow-cytometric sorting to isolate CD19 ϩ
CD11b
ϩ/Ϫ CD11c Ϫ B cells and CD19 Ϫ CD11b ϩ CD11c Ϫ macrophages. After isolation, the frequency of cells harboring viral genomes in each population was quantified using limiting-dilution nested PCR analysis (Fig. 4) . Following wild-type ␥HV68 infection, a high frequency of both CD19 Ϫ CD11b ϩ CD11c Ϫ macrophages and CD19 ϩ CD11b ϩ/Ϫ CD11c Ϫ B cells harbored the viral genome (1/690 and 1/290, respectively). A similar frequency of macrophages harbored the viral genome (1/860) after ␥HV68.⌬ssDNABP infection. In contrast, though, the frequency of B cells harboring the ␥HV68. ⌬ssDNABP genome (ϳ1/84,500) was reduced approximately 290-fold compared to that of wild-type virus. In mock-sorted infected control samples, the frequency of total peritoneal cells harboring the ␥HV68.⌬ssDNABP genome (1/2,690) was threefold lower than the frequency of cells harboring the wild-type ␥HV68 genome (1/890), which is consistent with our previously published results on bulk peritoneal cells populations (31) . The lack of B-cell infection by ␥HV68.⌬ssDNABP was not due to the incorporation of the BAC cassette in this virus, since wildtype ␥HV68 containing the BAC cassette established normal infections in B cells (Fig. 5) . Furthermore, Cre recombinasemediated removal of the BAC sequence from ␥HV68. ⌬ssDNABP did not enhance B-cell infection (data not shown). Taken together, these results demonstrate that ␥HV68. ⌬ssDNABP efficiently established infection in macrophages but not B cells.
To confirm that macrophages indeed harbor the ␥HV68. ⌬ssDNABP genome, we performed similar experiments using four-color flow cytometric sorting using F4/80 as a definitive marker for tissue macrophages and Gr1 as a marker for neutrophils. Using this strategy, peritoneal cells were sorted 45 days postinfection into CD19 ϩ CD11b ϩ/Ϫ F4/80 Ϫ Gr1 Ϫ B cells and CD19 Ϫ CD11b ϩ F4/80 ϩ Gr1 Ϫ macrophages, and the frequency of infection was determined (Fig. 6 ). Again, we detected similar frequencies of viral genome-positive cells in the macrophage population between the two viruses (1/1,100 for ␥HV68 and 1/520 for ␥HV68.⌬ssDNABP). In contrast, the frequency of cells harboring the viral genome in B cells was approximately 160-fold lower for ␥HV68.⌬ssDNABP (ϳ1/69,000) than for wildtype ␥HV68 (1/430). Thus, these data confirm that ␥HV68. ⌬ssDNABP can efficiently establish long-term infection in macrophages but not B cells. This conclusion is further supported when the results are translated into absolute cell numbers (Table  1) , taking into account the total cell numbers in the peritoneal cavity (derived from data shown in Fig. 3A) , the percentage of each cell type in the overall population (derived from data shown in Fig. 3B ), and the frequency of cells harboring viral genome (derived from data shown in Fig. 4 and 6 ). While the absolute number of macrophages harboring viral genomes in each population is similar, the number of B cells harboring the ␥HV68. ⌬ssDNABP genome is reduced more than 75-fold (78-fold in three-color sorting experiments and 145-fold in four-color experiments). Taken together, these data demonstrate that this replication-defective gammaherpesvirus can establish long-term infection in macrophages at a level similar to that of wild-type virus, but that the replication-defective virus is significantly impaired in its ability to establish long-term infection in B cells. To confirm that the ␥HV68.⌬ssDNABP infection of macrophages is consistent with the establishment of latency, we examined the state of the viral genome in the sorted macrophage populations 45 days postinfection using real-time Gardella PCR analysis (Fig. 7) . Similarly to the bulk peritoneal cell population, in sorted macrophages the ␥HV68 and ␥HV68. ⌬ssDNABP genomes were detected at positions that were consistent with the positions observed for episomes. Thus, ␥HV68. ⌬ssDNABP establishes long-term infection in macrophages and maintains the viral genome in a molecular state that is identical to that observed during wild-type virus latency.
DISCUSSION
We have previously shown that a murine gammaherpesvirus deficient in the expression of the ssDNABP is replication defective yet establishes long-term infection in peritoneal cells at a level nearly equivalent to that of wild-type virus (31) . However, these results did not conclusively demonstrate whether this infection represented a true form of latency. In the work described here, we extended the previous findings by demonstrating that long-term ␥HV68.⌬ssDNABP infection indeed displayed two important hallmarks of latency: (i) maintenance of the genome as an episome and (ii) transcriptional activity at regions of the genome known to be active during wild-type virus latency. Thus, these data clearly demonstrated that a replication-defective gammaherpesvirus established latency in vivo and that acute replication was not an absolute requirement for the naissance of latent infection. Notably, lytic replication (or specific viral proteins that are expressed during lytic replication) was differentially required for the establishment and/or maintenance of latent infection in different cell types. Although ␥HV68.⌬ssDNABP established latency in macro- phages at a frequency equivalent to that of wild-type ␥HV68, it was severely impaired in the establishment of latency in B cells. Thus, these data point to a fundamental difference in the mechanism by which ␥HV68 latency is established in macrophages versus B cells.
Little is known about the physiology of macrophage infection by gammaherpesviruses, including the mechanisms used by these viruses to access and maintain latency in this cellular compartment. On the other hand, a plethora of detailed analyses of EBV-infected human peripheral blood cells and tumor cells has laid the groundwork for models that address the establishment of latency in the B-cell compartment. The current paradigm is that EBV commandeers normal B-cell signaling pathways to activate the differentiation program of naïve B cells, thus driving the establishment of latency in a pool of long-lived circulating memory B cells (28) . In support of a related mechanism for ␥HV68, B-cell proliferation is required for the efficient establishment of latency in the memory B-cell compartment (19) , although it is not yet clear whether the virus itself intrinsically drives the proliferation of infected cells or whether the virus instead preferentially infects cells that are driven to proliferate by virus-or host-derived extrinsic factors. In support of the latter hypothesis, ␥HV68-driven B-cell proliferation is not restricted to infected cells (19) , and several reports have described a polyclonal activation of B cells during ␥HV68 infection (23, is noteworthy that the percentage of B cells in the peritoneum is significantly reduced following ␥HV68, but not ␥HV68. ⌬ssDNABP, infection, pointing to a pathophysiological B-cell response that is lacking in the absence of lytic replication. In accordance with the EBV paradigm, it is conceivable that the virus enters a subset of naïve or germinal-center B cells but that the pool of infected B cells does not undergo proliferation and expansion, presumably as a direct consequence of the inability of the virus to express protein products that are critical to activate the infected cells. It will be of great interest to determine what specific role the virus has in driving B-cell proliferation, whether the mechanism is intrinsic or extrinsic, and whether this activation mechanism is utilized by the virus in order to gain access to the B-cell compartment in vivo. Regardless of these experimental outcomes, our data implicate a critical role for specific viral factors produced during lytic replication/reactivation in the establishment of ␥HV68 latency in B cells. Although it is formally possible that the ssDNABP itself directly plays a crucial role in B-cell latency establishment, we hypothesize that the critical factor(s) is expressed downstream of the ssDNABP in the highly coordinated lytic gene expression cascade. In support of the hypothesis that specific viral factors, rather than infectious virions per se, are critical for B-cell latency establishment, a recent report demonstrated that a replication-defective ␥HV68 that is mutated in the late gene orf31 establishes normal latency in B cells (11) . This observation contrasts with our results that were derived by using an early gene replication-defective ␥HV68 mutant, and it appears to rule out a role for the production of progeny virions in facilitating the establishment of latency in B cells. Moreover, these results suggest that a viral factor produced in the lytic replication cascade downstream of ssDNABP expression facilitates the establishment of infection in B cells.
An alternative, but not mutually exclusive, hypothesis to explain our results is that ␥HV68.⌬ssDNABP infects B cells at early times, but that cells harboring viral genomes are not maintained because they undergo natural turnover or virusinduced cell death. A loss of virus from natural turnover is unlikely within this time frame, because the half-life of most mature peripheral B cells is believed to be significantly longer than the course of these experiments (9) . At this time, we cannot rule out the virus-induced death of infected B cells, as this would likely occur at a level below our limit of detection. However, if cell death was the primary obstacle to maintaining long-term latency in B cells, we would expect to observe a reduction in infected B cells over time; this is not the case, though, as the frequency of infected B cells does not change significantly over the course of infection (data not shown).
Although no detailed study of the peritoneal B-cell subsets infected by wild-type ␥HV68 has been reported, it should be noted that the B-cell population at this site contains a high number of B1 cells, which are believed to be a self-renewing population of innate-like B cells (14) . Thus, the paradigms that apply to the infection of mature B2 cells in secondary lymphoid organs may not necessarily apply to some peritoneal B cells. Nonetheless, our data are consistent with the conclusion that long-term latent ␥HV68 infection of peritoneal B cells requires the production of proteins that are expressed during lytic replication or reactivation. Of note, another study has demonstrated the infection of lung B cells following the administration of ␥HV68 deficient in the expression of the critical immediate-early transactivator encoded by orf50 (18) , and a second study has demonstrated the infection of splenocytes (a primary reservoir of B cells) following the administration of ␥HV68 deficient in the late gene orf31 (4). Thus, it will be of great interest to determine whether the inability of ␥HV68. ⌬ssDNABP to establish latency in peritoneal B cells is a function of the peritoneal microenvironment, the specific B-cell subsets that reside in the peritoneal cavity, or the genes expressed by this specific virus during in vivo infection.
The results presented here demonstrate that a gammaherpesvirus can efficiently establish long-term latent infection in vivo in the absence of lytic replication. The maintenance of this infection was attributable primarily to the establishment of latency in macrophages, as the infection of B cells was extremely limited. Thus, this work outlines a fundamental role for viral lytic replication factors in the establishment of B-cell latency. The use of this and other replication-defective mutants of ␥HV68 should greatly facilitate future studies directed toward defining the mechanisms used by gammaherpesviruses to establish chronic infection in B cells.
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